Abstract Subgrid parameterizations are used in coarse-scale meteorological and land surface models to account for the impact of unresolved topography on wind speed. While various parameterizations have been suggested, these were generally validated on a limited number of measurements in specific geographical areas. We used high-resolution wind fields to investigate which terrain parameters most affect near-surface wind speed over complex topography under neutral conditions. Wind fields were simulated using the Advanced Regional Prediction System (ARPS) on Gaussian random fields as model topographies to cover a wide range of terrain characteristics. We computed coarse-scale wind speed, i.e., a spatial average over the large grid cell accounting for influence of unresolved topography, using a previously suggested subgrid parameterization for the sky view factor. We only require correlation length of subgrid topographic features and mean square slope in the coarse grid cell. Computed coarse-scale wind speed compared well with domain-averaged ARPS wind speed. To further statistically downscale coarse-scale wind speed, we use local, fine-scale topographic parameters, namely, the Laplacian of terrain elevations and mean square slope. Both parameters showed large correlations with fine-scale ARPS wind speed. Comparing downscaled numerical weather prediction wind speed with measurements from a large number of stations throughout Switzerland resulted in overall improved correlations and distribution statistics. Since we used a large number of model topographies to derive the subgrid parameterization and the downscaling framework, both are not scale dependent nor bound to a specific geographic region. Both can readily be implemented since they are based on easy to derive terrain parameters.
Introduction
Complex topography is known to influence the surface energy balance in mountainous terrain (for a review, see Rotach et al. [2015] ). This is in part caused by the wind field controlling turbulent heat and vapor exchange. Boundary layer wind fields are significantly altered by topography, giving rise to sheltering in lee directions or speed up in windward directions of mountain slopes.
Topography is mostly unresolved in course-scale atmospheric models, especially over alpine terrain. This leads to underestimated topographic impacts on predicted variables [e.g., Leung and Ghan, 1995; Parajka et al., 2010; Dutra et al., 2011] . Unresolved topographic features are however relevant for surface wind field simulations [e.g., Beljaars et al., 2004; Rontu, 2006; Jimenez and Dudhia, 2012] . Complex topographic features lead to a net drag of turbulent flow associated with a phase shift of the pressure field relative to the topographic features [Wood and Mason, 1993] . Because of this net drag, area-averaged wind speed over topography are lower. Accounting for the effects of unresolved fine-scale orography on wind speed in coarse grid cells is therefore required.
Parameterizations for gravity wave drag and flow blocking due to mesoscale mountain ranges are commonly applied in numerical weather prediction (NWP) models (for a review, see Kim et al. [2003] ). With the increased horizontal grid cell resolutions in climate or NWP models, turbulent form drag (drag below the blocked flow drag) exerted by subgrid topography also needs to be accounted for. Turbulent form drag thus acts on scales smaller than the gravity wave and flow-blocking dynamics. Unresolved drag was originally tackled by introducing an effective roughness length to describe the momentum loss to the surface over mountainous terrain [Fiedler and Panofsky, 1972; Mason, 1985] . Applying this so-called effective roughness length approach increases the surface roughness length based on the underlying topography. Area-averaged wind profiles, using the effective roughness length, are assumed to follow a logarithmic height profile similar to the wind profile using a surface roughness length [Taylor et al., 1989; Wood and Mason, 1993] . Turbulence data measured well above topography confirmed the effective roughness length concept [Grant and Mason, 1990] .
Spatially distributed fine-scale wind speed in resolved topography can be obtained from downscaling coarse-scale NWP wind speed or from nearby exposed wind speed measurements. Previously suggested terrain parameters for downscaling from exposed wind speed measurements include a horizon-related parameter in upwind direction, allowing to create spatial wind speed which were validated at single stations [e.g., Ryan, 1977; Wörlen et al., 1999; Winstral et al., 2009] or indirectly by measuring snow depth distribution [e.g., Schirmer et al., 2011] . Sturm [1998, 2006a] suggested a scaling factor, consisting of local terrain slope in the wind direction and local terrain curvature. Recently, Winstral et al. [2016] presented a statistical downscaling scheme for NWP wind speed for Switzerland [Consortium for Small-scale Modeling (COSMO), 2016] . While overall the performance of their approach was good, it requires a large temporal and spatial data base of COSMO (model of Consortium for Small-scale Modeling) wind speed for Switzerland to account for seasonal variability. Furthermore, it uses a local directional dependent variable, making it a computationally intensive method. As for the terrain parameters used for the form drag parameterizations, the downscaling schemes were generally only tested on a limited number of stations, i.e. on a limited number of real topographies. Sometimes they require calibration periods, e.g., Winstral et al. [2016] , which limits their broad application.
In this article, we suggest a subgrid parameterization for coarse-scale near-surface wind speed over unresolved complex topography in meteorological or land surface models (section 4.1). Furthermore, we propose a statistical downscaling framework, which derives fine-scale near-surface wind speed in resolved topography from coarse-scale subgrid parameterized wind speed and easy to derive fine-scale terrain parameters (section 4.2). For the subgrid parameterization our goal is to describe terrain drag for surface wind speed based on systematically analyzed wind fields over a large number of random topographies. Thus, we anticipate to derive a parameterization where subgrid terrain parameters can be clearly linked to domain averages of simulated fine-scale wind speed in complex topography. We point out that we use the term subgrid parameterization to emphasize that the suggested approach for coarse-scale wind speed is developed such that it describes wind drag over unresolved complex topography. Furthermore, it could also be implemented to introduce form drag in the momentum equations of a NWP or a climate model following the approach of Wood et al. [2001] . Since both applications are possible, within and outside of a NWP model, we use the term subgrid parameterization, as opposed to postprocessing which is typically applied for model output only. To simulate fine-scale high-resolution wind flow over resolved complex topography, we use the nonhydrostatic and compressible atmospheric model Advanced Regional Prediction System (ARPS) [Xue et al., 2001] (section 3.2). In order to focuss on the influence of topography on ARPS wind speed, we restrict our simulations to a neutrally stratified atmosphere. As model topographies we chose a large number of Gaussian random fields (GRF) with Gaussian covariance covering a wide range of potential topographic characteristics (section 3.1). A large number of measured wind speed from automatic measurement stations distributed throughout Switzerland in both flat and alpine regions (section 2.1), was used to validate downscaled NWP wind speed spatially (section 4.3).
Data

Point Measurements of Wind Speed
To validate downscaled NWP wind speed, we use measured wind speed data v obs from 308 automatic weather stations (AWS) throughout Switzerland (Figure 1) , part of the IMIS (from WSL Institute for Snow and Avalanche Research SLF) and SwissMetNet (from Swiss meteorological service (MeteoSwiss)) networks. The AWS measure meteorological parameters and also snow height. Locations vary from flat sites in the Swiss Plateau to exposed and sheltered sites in the Swiss Alps. Station elevations range from 203 m to 3345 m. We used hourly average wind speed from January to June 2015. Postprocessing consisted of excluding wind speed smaller than 0.2 m s −1 (indicative of potential sensor icing) and accounting for different measurement heights of the stations (IMIS: 6.5 m; SwissMetNet: 10 m) compared to the NWP model surface wind speed at 10 m elevation above the ground. The latter was done by deriving wind speed for a fixed height of 10 m above the snow/soil surface taking into account the snow height and using a logarithmic wind profile with a roughness length of 0.05 m for a snow-free site and 0.01 m for a snow-covered site. The snow-free roughness length of 0.05 m is representative for surfaces typically encountered below the AWS. Both roughness lengths stem from the Global Land Cover Characteristics (GLCC) data set provided by the U.S. Geological Service (see: https://lta.cr.usgs. gov/GLCC), a data set which is also applied in the NWP model COSMO [Doms et al., 2011] .
Spatial NWP Surface Wind Speed
To test our downscaling scheme we apply it to NWP data for the entire Switzerland and validate the output using the AWS data described above. We used forecast data from the NWP model COSMO-2, based on the COSMO model of the Consortium for Small-scale Modeling [COSMO, 2016] , a nonhydrostatic limited-area atmospheric prediction model. COSMO-2 is operated and further developed by MeteoSwiss and has a horizontal grid cell resolution of 2.2 km. We used hourly average 24 h forecasted wind v NWP (see Table 1 for an overview of wind speed variables used here) at 10 m above the surface from the 9 UTC run each day. NWP data are allocated to an AWS by triangulation-based linear interpolation (Matlab function, "griddata").
We require unbiased (exposed), i.e., uninfluenced by the unresolved topography, NWP wind speed v exp NWP to properly parameterize the subgrid topographic impact on NWP surface wind speed. In COSMO-2 subgrid topographic turbulent form drag is parameterized by an effective roughness length [Doms et al., 2011] and applied in the logarithmic wind profile within the Prandtl boundary layer. We removed parameterized subgrid topographic turbulence by inverting the adjustment for the friction velocity over topographic free areas according to Bottema [1995] in the log law profile using topographic free land cover roughness lengths and orographic roughness lengths from the COSMO model [de Vries, 2009; Doms et al., 2011] . Removing this drag leads to an overall increase in NWP wind speed. We did however not remove any parameterized subgrid scale orographic effects from both low-level flow blocking and gravity waves [Doms et al., 2011] since these nonlinear mountain drag effects are negligible in COSMO-2 and since they act on larger orographic scales than the turbulent form drag [de Vries, 2009]. 3. Method 3.1. Model Topographies to Analyze Spatial Wind Fields 3.1.1. Topography Model Instead of simulating spatial wind speed fields on a limited number of real topographies, which can bias our conclusions, we simulated wind fields on isotropic Gaussian random fields (GRF) with a Gaussian covariance as a simplified topography model. Gaussian statistics give a reasonable description of various geometrical characteristics of real, complex topographies . For a set of real topographies from the U.S. and Switzerland, averaged standard deviations of slope components in orthogonal directions were roughly isotropic which further motivated the constraint to isotropic GRF as model topographies . Furthermore, stochastic topographies were successfully applied to analyze radiative transfer in complex topography [Helbig et al., 2009; Helbig and Löwe, 2012; Löwe and Helbig, 2012] and to generalize an analytical approximation of the sky view factor in complex terrain for coarse grid cells [Helbig and Löwe, 2014] . Since simulated topographies from discretized GRF can cover a wide variety of topographic characteristics, they allowed us to conduct a detailed analysis of domain-averaged (i.e., average over a grid square) simulated wind speed in complex terrain. Details on GRF model topographies and their characteristics are described in the articles cited above. Here only a brief outline is given. We used isotropic, stationary GRF topographies with an arbitrary mean elevation z and a Gaussian covariance C for terrain elevations z(x)
with lag vector r. Overbars denote ensemble averages. Each model topography is characterized by two relevant length scales in a model domain L [see Helbig et al., 2009, Figure 2] : is the square root of the variance, which describes the typical valley-to-peak elevation difference (typical height of topographic elements); is the correlation or scale length of topographic features, which describes the characteristic lateral extension (typical width of topographic elements). Partial derivatives x z and y z in orthogonal directions were used to derive slope angles from tan
Based on the assumption of isotropy, a joint (slope) . The terrain parameter can also be associated with the mean square slope by
, following the definition of the Gaussian covariance in equation (1) [Adler, 1981] . Since mean square slope is a function of and , it follows that GRF as topographies for the same mean slope angle can be created by varying the characteristic length scales and .
Characteristics of Model Topographies
To analyze wind fields on model topographies covering a wide variety of topographic characteristics, we generated an ensemble of GRF topographies by varying and in equation (1) (cf. Table 2 ). We selected five domain-averaged slope angles of 10 ∘ , 19 ∘ , 25 ∘ , 30 ∘ , and 36 ∘ , covering a wide range of realistic mean slopes (see Figure 9a for an example model topography in Helbig et al. [2009] ). For each topography we chose a fixed, square model domain size L = 3 km, which is comparable to a single coarse grid cell in a coarse-scale meteorological or land use model. We used a fixed (sub)grid cell size Δx = Δy = 30 m resulting in N = 100 in square N×N digital elevation models (DEM) with discrete terrain elevations. Our choices of L and Δx are appropriate to fulfill the necessary condition Δx ≪ ≪ L for typical lateral length scales of real mountains in order to obtain reliable estimates of domain-averaged subgrid terrain parameters or processes [e.g., Helbig et al., 2009] . Approximately 200 realizations per , combination (ensemble of grids) are required to reduce the absolute errors of estimated covariance parameters below 10%, even for the steepest slope angle . Using 200 realizations for each of nine different , combinations and for each of the five mean slopes resulted in a total of 9000 model topographies.
For each realization we computed the actual valley-to-peak elevation difference from the standard deviation of elevations DEM and the length scale of topographic features from = √ 2 DEM using the mean square slope (equation (2)). Results presented below will be indicated as either domain-averaged values only or ensemble averages from all domain-averaged grid realizations for each combination of and .
Simulated Wind Fields
We computed high-resolution atmospheric wind flow fields with the three-dimensional nonhydrostatic and compressible atmospheric model Advanced Regional Prediction System (ARPS), developed at the Center for Analysis and Prediction of Storms (CAPS), University of Oklahoma [Xue et al., 2001] . Simulated ARPS wind fields, replicated typical measured wind field characteristics well, even over real complex topographies [Chow et al., 2006; Raderschall et al., 2008; Zhou and Chow, 2011] . Using ARPS wind fields, even snow drift in very complex terrain was successfully modeled . ARPS is therefore suitable to investigate spatial wind speed over complex terrain.
Since the focus in this study was to analyze the influence of topography on wind speed, we suppressed thermally induced circulations like mountain valley breezes by neglecting radiation effects and by setting atmospheric stability to neutral, i.e., the subgrid parameterization and the downscaling scheme are developed for neutral atmospheric stability. This was done for two reasons. First, our main focus is on the drag exerted by topography on near-surface wind flow, which was found under neutral static conditions [e.g., Wood and Mason, 1993] . Second, to account for a variety of atmospheric stabilities, especially over snow-covered terrain, a large number of additional ARPS simulations would be required. This is beyond the scope of our work, for which we already performed ARPS simulations on a total of 9000 model topographies. Furthermore, Cullen et al. [2007] showed that near-neutral conditions dominate over snow-covered complex terrain.
The ARPS model was initialized with a spatially homogeneous wind speed of 3 m s −1 . Initial inflow wind direction was set to the west with periodic lateral boundary conditions, which ensured the conservation of mass within the model domain. The integration time step was set to 0.1 s with an acoustic wave time step of 0.001 s. We ran ARPS for a rather short integration time of 30 s, to allow the flow field to adapt to the local topography and to prevent the development of turbulent structures . By doing this, we anticipated to reproduce mean flow features initiated by topography. We used a constant aerodynamic roughness length of 0.01 m throughout the model domain, representative for snow-covered terrain in agreement with measurements by Doorschot et al. [2004] and Stössel et al. [2010] . ARPS uses generalized terrain-following coordinates based on hyperbolic grid stretching. This vertical grid stretching allows for more high-resolution turbulent boundary layer processes near the surface. We use horizontal grid cell sizes Δx = Δy = 30 m predetermined by the GRF topographies. Note that the choice of Δx = 30 m is deemed appropriate since a minimum, similar horizontal resolution of 25 m was previously required to adequately reproduce small-scale wind flow features such as speedup over steep topography [Raderschall et al., 2008] . ARPS was further setup using 50 terrain-following levels between the surface and an altitude of 7000 m above sea level. For our study we analyzed the simulated flow field from the first layer above ground. The depth of the first layer above ground varies between 0.6 m and 5.23 m, depending on topography, with an average depth of 2.95 m. We derived the horizontal wind speed v from the directional components u x and u y via
. For more details we refer to Raderschall et al. [2008] who discusses integration time, boundary conditions, and their influence on ARPS flow adaptation.
From the simulated flow fields on the square N × N GRF topographies, with N = 100, we used an inner area of 69 × 79 grid cells. Overall, this resulted in somewhat smaller domain sizes L x = 2070 m and L y = 2370 m with a mean L of 2220 m. In order to ensure ≪ L we excluded topographies with L∕ < 3. Using only an inner area from each model topography was done to exclude unrealistic wind speed at the boundaries of the domain and to ensure that mean flow features were formed with small boundary effects. To verify this we averaged wind speed perpendicular to the western inflow in downward wind direction for different , combinations. For L∕ ratios approximately larger than 5, we observe roughly homogeneous ensemble-averaged wind speed in downward wind direction, which also order according to their mean square slope (not shown). Remaining smaller fluctuations contribute to uncertainties in the wind fields, the subgrid parameterization and the downscaling scheme. For realizations with L∕ ratios smaller than 5 uncertainties in simulated wind fields clearly increase. Overall, these results suggest that the integration time of 30 s was sufficient to obtain stable wind fields.
Overall, we analyzed ARPS wind simulations on 7232 GRF topographies, i.e., about 80% of all simulated topographies were usable for our analysis, thus not every , combination had 200 realizations (cf. Table 2 ). The lowest number of successful realizations (<100) was for the smallest L∕ ratio of 3 for all mean slopes. Overall, a total of 35'562'324 fine-scale wind speed values v ARPS were obtained. Additionally, we ran the ARPS model with a larger initial homogeneous inflow of 5 m s −1 on simulated topographies using the ensemble with domain-averaged slope of 19 ∘ . This resulted in a subset of 1465 GRF topographies, i.e., about 81% of all simulated topographies with mean slope of 19 ∘ were usable for the analysis.
In the following, we neglect overbars for averaged values. As for the terrain characteristics, we will sometimes use wind speed which represent domain-averaged values only and sometimes ensemble averages from all domain-averaged grid realizations for each combination of and (see Table 1 for wind speed abbreviations).
Performance Measures
We compared subgrid parameterized and downscaled wind speed to ARPS wind fields and to AWS data throughout Switzerland. To characterize the performances we used a variety of measures: absolute error 10.1002/2016JD025593 measures, namely, the root-mean-square error (RMSE), normalized root-mean-square error (NRMSE) (normalized by the range of data), mean-absolute error (MAE), a relative error measure, namely, the bias error (Bias), and the Pearson correlation coefficient r as a measure for correlation. Finally, we judged the performance by analyzing the probability density functions (pdf ). We used the two-sample Kolmogorov-Smirnov test (K-S test) statistic values D for the pdf's (nonparametric method), and we computed the RMSE for Quantile-Quantile plots (RMSE quant ) for probabilities with values in [0.1, 0.9].
Results and Discussion
Scaling Coarse-Scale Wind Speed for Unresolved Subgrid Topography
Coarse-scale wind speed can be parameterized to account for the impact of subgrid topographic features. Here we compute domain-averaged wind speed in a coarse grid cell using an unbiased/exposed wind speed on resolved topography v exp (e.g., from a NWP model v exp NWP
) and a topographic scaling factor X sgp topo describing the impact of subgrid topography in the coarse grid cell:
We found that the subgrid parameterization for the sky view factor F sky (L∕ , ) over complex topography [cf. Helbig and Löwe, 2014, equations (6) and (7) We therefore used the sky view factor F sky (L∕ , ) as topographic subgrid scaling factor X sgp topo in equation (3), which is given by
with the easy to derive terrain parameters mean square slope (equation (2) , the sky view factor, which is derived for sloped surfaces, seems an appropriate parameter to scale wind speed in topography as it intuitively relates to sheltering/exposure. Given that the sky view factor is a frequently used terrain characteristic to parameterize the surface radiation balance in mountainous terrain, including the sky view factor in the subgrid parameterization for coarse-scale wind speed thus also has great practical and computational advantages. Note that the sky view factor parameterization was validated for various real topographies from the U.S. and Switzerland [Helbig and Löwe, 2014] . Furthermore, the agreement between parameterized sky view factors and the mean of numerically exact computed sky view factors for entire Switzerland using a 25 m DEM was good, especially toward grid sizes of regional climate models.
The sky view factor subgrid parameterization combines two terrain parameters. First, the slope-related parameter describes sheltering/exposure. Second, the L∕ ratio corrects for finite coarse-scale grid cells. Helbig and Löwe [2014] generalized the analytical approximation for the domain-averaged sky view factor of Löwe and Helbig [2012] , which solely depended on mean square slope , to derive equation (4). To do so, they introduced the terrain parameter L∕ to systematically correct for finite L∕ ratios in coarse-scale grid sizes. As discussed in Helbig and Löwe [2014] Gaussian factors e −d (L∕ ) −2 were also necessary for dimensional reasons and the Gaussian nature of the problem.
As expected, the sky view factor parameterization scaled the spatially homogeneous wind speed v exp NWP of 3 m s −1 (equation (3)) for unresolved topographies better for larger L∕ ratios (Figure 2b ). Trends in ensemble averages of domain-averaged wind speed v edav ARPS with both terrain parameters L∕ and (cf. Figures 3a  and 4a) were very similar to those observed in the domain-averaged sky view factor [cf. Helbig and Löwe, 2014, Figures 2 and 3] . Including the Gaussian L∕ -factor in the subgrid parameterization accounts for the decay of v sgp ( , L∕ ) converging toward a constant value for large L∕ ratios for each slope group (Figure 3a) .
The subgrid wind speed parameterization v sgp ( , L∕ ) performs well for larger L∕ ratios (here L∕ ≥ 5). Considerably more scatter is observed for small L∕ ratios (cf. Figure 3) . Indeed, for topographies with small L∕ ratios, ARPS was often not able to achieve a numerically stable wind flow. Therefore, for smaller L∕ ratios there were fewer useable topographies (cf. numbers in parentheses in Table 2 ) leading to less reliable ensemble averages (Figures 3 and 4) . Furthermore, the L∕ ratios of around 3 are rather small and a reliable ensemble average of domain-averaged simulated wind speed is only obtained for large enough L∕ ratios where enough terrain is included in a domain size (L∕ ≥ 5 in Figure 2b ). This latter behavior was also observed for ensemble averages of domain-averaged shortwave radiation over GRF as model topographies [Helbig et al., 2009] .
Overall, ensemble-averaged domain-averaged ARPS wind speed v edav ARPS was lower than the unbiased/exposed wind speed v exp ARPS of 3 m s −1 (or 5 m s −1 ), i.e., there was no speedup in simulated wind speed (red dots in Figure 2a and Figures 3 and 4) . We can thus confirm the previously described net drag under neutral conditions in coarse-scale grid cells over complex topography [e.g., Wood and Mason, 1993; Wood et al., 2001] . Note that individual domain-averaged wind speed v dav ARPS have considerably larger or smaller values than the ensemble averages (see Figure 2a ) which can however not be parameterized. Domain-averaged wind speed v dav ARPS , which were considerably larger or smaller than v exp ARPS , were all associated with small L∕ values (dark blue dots in Figure 2b ). For these topographies, the ARPS simulations are less reliable and boundary effects undoubtedly affected the obtained domain averages (see section 3.2).
The observed net drag of v edav ARPS increased with decreasing F sky (cf. red dots in Figure 2a ) and increasing (Figure 4a) , with a difference of up to 11%. For the lowest mean slope of 10 ∘ the net drag was negligible. This is in line with the findings of Raupach et al. [1992] who suggested that, based on linear theory, domain-averaged heat and water vapor fluxes over gentle terrain should be the same than over an equivalent flat terrain. For larger mean slopes, our results clearly show that subgrid topographic influence becomes more important.
Our subgrid parameterization for wind speed (equations (3) and (4)) should work equally well independent of the amplitude of the unbiased/exposed wind speed, v exp in equation (3). For demonstration we simulated ARPS wind fields with a larger initial wind speed of 5 m s −1 on the ensemble of model topographies with a mean slope angle of 19 ∘ . Our results suggest that the subgrid parameterization is not influenced by the initial wind speed (cf. Figures 3b and 4b ). 
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Note that the slope parameter in equation (4) is computed from √ 2 DEM ∕ . It therefore resembles a scaling parameter H∕W previously derived based on describing turbulent flow over gentle terrain by the linear theory of Jackson and Hunt [1975] [e.g., Raupach et al., 1992] . Therein H represents hill height and W characteristic hill width. The H∕W ratio thus roughly corresponds to the ∕ ratio used here.
Downscaling Coarse-Scale Wind Speed for Resolved Fine-Scale Topography
In the absence of high-resolution wind flow models, local wind speed over resolved fine-scale complex topography can be parameterized (or postprocessed) using wind speed from a nearby exposed wind speed measurement or from coarse-scale NWP values.
Here we compute resolved wind speed v dsc ( , ∇ 2 z, L∕ ) based on the subgrid parameterized coarse-scale wind speed v sgp ( , L∕ ) (equation (3)) from the corresponding overlying coarse grid cell using a topographic downscaling factor X dsc topo for each fine-scale grid cell:
Thus, the coarse-scale wind is downscaled to a point or fine grid cell by describing the impact of the surrounding resolved topography with X dsc topo
. As for the subgrid parameterization of coarse-scale wind speed (equations (3) and (4)) we seek to apply easy to derive terrain parameters using the slope parameter for each fine-scale grid cell (via equation (2)) and a parameter related to the Laplacian of terrain elevations ∇ 2 z defined as
with the discrete Laplacian
2 and grid cell size Δx = Δy. Both terrain parameters showed larger correlations with all fine-scale simulated wind speed v ARPS (Pearson r of 0.57 for ∇ 2 z and of 0.23 for ) compared to, e.g., the terrain horizon (averaged over all directions: Pearson r of −0.11), which was previously applied [e.g., Ryan, 1977; Wörlen et al., 1999; Winstral et al., 2009] . The terrain horizon is used in energy balance models to decide if a grid cell receives solar radiation or if it is shaded by its surrounding terrain. Due to its previous application and the possibility to describe sheltering exposure, we verified the correlation of terrain horizons with v ARPS . Here we computed horizon angles following the algorithm presented in Helbig et al. [2009] . Therein the terrain horizon is defined by testing all terrain elevations between a grid cell and the boundary grid cell. The azimuthal resolution of the horizon line is therefore predefined by the number of boundary grid cells. Besides the terrain horizon, both our terrain parameters relate to local exposure and sheltering. Indeed, Jimenez and Dudhia [2012] used a nondimensional version of the Laplacian on resolved terrain elevations to describe exposure in coarse-scale grid cells. Fitting a nonlinear regression model by robust M estimators using iterated reweighted least squares (see R v3.2.3 statistical programming language [R Core Team, 2015] and its robustbase v0.92-5 package [Rousseeuw et al., 2015] ) over all fine-scale simulated wind speed v ARPS resulted in the following topographic downscaling factor X dsc topo in equation (5) (Figure 6 ). This was not the case when using the corresponding domain-averaged simulated wind speed v dav ARPS at each fine-scale grid cell (Figure 6c ). Winstral et al. [2009] , parameterized wind speed using a horizon-related wind parameter in upwind direction were often lower than measured wind speed, which they contribute to a lack of inclusion of surrounding terrain in their parameterization. To develop an efficient and easy to apply downscaling scheme, we did not use directional dependent variables. In contrast, we suggest to compute resolved wind speed based on subgrid parameterized coarse-scale wind speed v sgp ( , L∕ ). Using v sgp ( , L∕ ) means that we downscale a wind speed which already describes the unresolved terrain impacts in the coarse-scale grid cell.
According to
Using the domain-averaged simulated ARPS wind speed v dav ARPS in equation (5), we obtain an overall RMSE of 0.55 m s −1 , a NRMSE of 6%, a Pearson r = 0.70, a bias of 0.03, a MAE of 0.40 m s −1 , and a K-S test statistic value of 0.08. Using subgrid parameterized wind speed v sgp ( , L∕ ) in equation (5), the performance only decreased slightly, with a RMSE of 0.59 m s −1 , a NRMSE of 6%, a Pearson r = 0.63, a bias of −0.04, a MAE of 0.44 m s −1 , and a K-S test statistic value of 0.1. Finally, when only using the domain-averaged simulated ARPS wind speed For all fine-scale grid cells, simulated wind speed v ARPS ranged from 0.1 to 9 m s −1 , i.e., strong local speedup and sheltering was observed, in contrast to ensemble averages of domain-averaged simulated wind speed v edav ARPS (Figures 2 and 3) . With fine-scale slope angles ranging from 0 to 71 ∘ , it is clear that there is some uncertainty in the simulated ARPS wind speed. Calculating fine-scale wind fields in steep topographies leads to several limitations that most mesoscale models to date cannot overcome [see Lundquist et al., 2012] . The reason is that terrain following coordinates already over gentle topography result in large grid aspect ratios at the surface. These numerical errors introduce spatial discretization inaccuracies in all terms of the momentum equations which increase with increasing slope angles [Lundquist et al., 2010b] . Since it is impossible to verify over 35 million individual wind speed values, we decided to use all wind speed values. However, this probably introduced some uncertainty in the determination of the constant parameters in equation (6).
Verification of Downscaling Scheme With Wind Speed From Automatic Station Network in Switzerland
To verify our new downscaling scheme, we used mean hourly surface wind speed measurements v obs at the 308 stations throughout Switzerland (cf. Figure 1) over a period of 6 months. We downscaled unbiased/exposed NWP wind speed v exp NWP of the coarse grid cell allocated to the corresponding station location (section 2.2). To derive downscaled wind speed v dsc ( , ∇ 2 z, L∕ ) (equation (5)) for each station, we compute subgrid parameterized wind speed v sgp ( , L∕ ) (equation (3)) for the coarse 2.2 km grid cell allocated to the corresponding station location. We use v exp NWP in equation (3) as unbiased/exposed wind speed v exp . Fine-scale terrain characteristics were derived from a DEM (Swisstopo) with fine grid cell size Δx = Δy = 25 m.
We used the Quantile-Quantile plot to compare the probability distributions of downscaled wind speed v dsc ( , ∇ 2 z, L∕ ), of subgrid parameterized wind speed for the corresponding coarse grid cell v sgp ( , L∕ ), of NWP wind speed v NWP , and of measured wind speed v obs . Downscaled wind speed v dsc ( , ∇ 2 z, L∕ ) most closely matched the measurements especially for larger wind speed (Figure 7) . Figure 8 demonstrates the improvement in mean bias error and distribution statistics. Applying subgrid parameterized wind speed for the corresponding coarse grid cell v sgp ( , L∕ ) shifted the fine-scale wind speed toward a more balanced distribution (Figure 8b ) compared to the more skewed distribution for v NWP (Figure 8a ).
The range of terrain parameters that were covered by the station network available for validation can be seen in Figure 9 . Overall, the best agreement with measured wind speed was for the downscaled wind speed v dsc ( , ∇ 2 z, L∕ ), for both terrain parameters as well as for the amplitude of the wind speed (Figure 9c ).
To evaluate the reliability of the downscaling scheme, we computed performance measures for three groups: (a) all stations (308), (b) for exposed stations only (39), and (c) for sheltered stations (269) ( Table 3) . Exposed stations were defined as having a terrain horizon averaged over all directions lower than zero and sheltered stations a terrain horizon larger or equal to zero. Terrain horizons were computed up to a radius of 10 km around each measurement station using the DEM with a horizontal resolution of 25 m (for more details, see Helbig et al. [2009] ). The best overall statistics were obtained for downscaled wind speed for exposed stations. Whereas the best absolute and relative error measures were often not achieved for downscaled wind speed, correlation coefficients as well as the distribution statistics (K-S test and RMSE quant ) were almost always better for downscaled wind speed. NRMSE errors were rather similar in each group. Note that NWP wind speed v NWP tend to be overall lower at all AWS compared to measured wind speed v obs (negative biases). This might explain the overall better agreement in the Quantile-Quantile plot between v NWP , v dsc ( , ∇ 2 z, L∕ ) and v sgp ( , L∕ ) and v obs for the lowest wind speed (see Figure 7 ).
Note that all ARPS simulations were conducted under neutral atmospheric conditions and that the downscaling scheme (equations (5) and (6)) was strictly speaking only developed for neutral stability. This procedure enabled a systematic analysis of topographic impacts on simulated ARPS wind speed by not allowing thermal flows to develop. Nevertheless, the validation of downscaled NWP wind speed with measured near-surface wind speed was conducted for all atmospheric stabilities occurring during the 6 month time period. Given the overall good statistics for downscaled NWP wind speed (Table 3) , we assume the simplification of ARPS simulations to neutral conditions, as a first approach, as not too restrictive.
In this study, we used APRS wind speed to develop a subgrid parameterization and a downscaling scheme over complex topography and we also used ARPS wind speed to validate subgrid parameterized and downscaled wind speed. We did however not run ARPS for the entire Switzerland for a validation with wind speed measured at AWS's. This was not the purpose of this study nor might that be feasible using a fine-scale horizontal resolution of only a few meters for entire Switzerland. Evaluating the downscaling scheme of coarse-scale NWP wind to fine-scale wind speed on resolved topography is challenging. The first issue is to determine which coarse-scale grid cell is the most appropriate for a station. When using a number of stations, as in our case, grid cells have to be selected automatically. Unfortunately, as pointed out by Jimenez and Dudhia [2012] , the nearest grid cell is not always the most appropriate, which introduces a representative error. Here we chose triangulation-based linear interpolation to allocate coarse grid cell values to a station which averages between several grid cells (cf. section 2.2). A similar issue is to determine which fine-scale grid cell is correct for a station. Using a similar station network as was used here, Fiddes and Gruber [2014] pointed out that topographic locations of the measurement stations are often not precise enough for point validation. This is especially true when stations are located at ridges or peaks. Terrain parameters derived from a fine-scale DEM of 25 m horizontal resolution can change drastically (and thus downscaled wind speed), if the location is already off by only 25 m, as a flat ridge, for instance, can become a steep slope. A third issue, in our case, is the unbiasing of NWP wind speed. Our subgrid parameterization requires NWP wind speed to be free of any subgrid (i.e., unresolved) topographic influence. Overall, removing subgrid topographic influence introduced via the effective roughness length approach led to increased NWP wind speed. Given all additional introduced uncertainties, overall larger absolute errors (more scatter) have to be expected when coarse-scale NWP data are applied for downscaling. In contrast, overall smaller absolute errors of parameterized wind speed are observed when an exposed measurement of wind speed in the vicinity is applied (see, for instance, errors in Liston and Elder [2006a] ).
Summary and Conclusion
Using simulated wind fields obtained with the Advanced Regional Prediction System (ARPS) model on a large ensemble of Gaussian Random Fields as model topographies, we developed a subgrid parameterization and a downscaling scheme to account for topographic drag on horizontal surface wind speed at different scales. The subgrid parameterization accounts for the influence of unresolved topography on domain-averaged wind speed, i.e., turbulent form drag, in coarse-scale models, such as NWP models, land use, or hydrological models. The downscaling scheme further modifies the subgrid parameterized wind speed to account for the influence of fine-scale resolved topography on fine-scale wind speed. In view of developing efficient schemes, all used topographic scaling parameters are easy to derive and direction-independent variables.
To describe unresolved topographic impacts in coarse-scale wind speed, we used the subgrid parameterization of the sky view factor from Helbig and Löwe [2014] as a topographic subgrid scaling parameter, since it showed the largest correlations with domain-averaged simulated ARPS wind speed. The sky view factor conveniently combines a parameter related to mean square slope , to account for sheltering/exposure, and the L∕ ratio, a systematic correction for large topographic features of typical widths within the finite domain size L. To further introduce the influence of fine-scale resolved topography on subgrid parameterized wind speed, the downscaling scheme included fine-scale and ∇ 2 z, the Laplacian of terrain elevations for each fine-scale grid cell. Both these terrain parameters exhibited the largest correlation with fine-scale simulated ARPS wind speed.
Both the presented subgrid parameterization and the downscaling scheme are not bound to a specific geographic region, as they were developed using a large number of Gaussian random fields (GRF) as model topographies covering a wide range of topographic characteristics. Only terrain parameters and a coarse-scale NWP or climate wind speed without any subgrid topographic impact are required. Comparing two different initial ARPS wind speed suggest that the subgrid parameterization for coarse-scale wind speed is not influenced by its initial wind speed. Furthermore, it is not scale dependent and can be applied by coarse-scale models with different grid cell sizes since the L∕ ratio reduces systematic errors. The largest errors can be expected for grid cells with small L∕ ratios, i.e., when not enough terrain is included to describe the subgrid topographic features accurately. The downscaling scheme was developed for ARPS simulations on GRF model topographies in a horizontal resolution of Δx = Δy = 30 m. Note that a minimum, similar horizontal resolution of 25 m was previously required to adequately reflect small-scale wind flow features such as speedup over steep topography [Raderschall et al., 2008] . We therefore believe that with the choice of Δx = 30 m NWP wind speed can adequately be downscaled such that resulting fine-scale wind speed describes resolved fine-scale topographic impacts. While the downscaling scheme can also be applied for DEM's with coarser Δx, applying a coarser fine-scale horizontal DEM resolution will most likely lead to less realistic downscaled wind speed values. Derived fine-scale terrain parameters from fine-scale DEM can only be as exact as the numerical resolution of the DEM from which they were derived.
Our downscaling scheme is based on millions of simulated ARPS fine-scale wind speed values on model topographies, depicting a wide range of realistic terrain characteristics, and thus does account for a broad range of spatial wind speed variability due to resolved topography. Based on this systematic approach, the downscaling scheme does not require calibrating, e.g., for application in other geographic regions or for using differently sized coarse-scale NWP wind speed.
While the downscaling scheme was strictly speaking only developed for wind flow under neutral atmospheric conditions, for the validation, NWP wind speed were downscaled under all atmospheric conditions. Note that all ARPS simulations were conducted assuming neutral stability in order to systematically analyze the impact of topography on simulated wind speed.
We come back to our comment in the introduction on terminology of drag and subgrid parameterization. In this study, we used the term subgrid parameterization to describe wind drag over unresolved complex topography. This can be accounted for either within a coarse-scale NWP model with a parameterization or outside the NWP model by postprocessing. With our approach, both applications are possible: introduce form drag in the momentum equations of a NWP/climate model or scale unbiased/exposed coarse-scale model wind speed.
Finally, we evaluated the performance of the new downscaling scheme by comparing downscaled NWP wind speed with near-surface wind speed measurements from a unique network of automatic weather stations throughout Switzerland. While a verification of spatial near-surface wind speed is not straightforward, overall the correlation between measured and downscaled wind speed as well as the distribution statistics improved, suggesting that coarse-scale NWP wind speed were adequately downscaled. COSMO-2 data and the SLF for the IMIS data set. We thank all three anonymous reviewers for their constructive comments. This study was partly funded by the Federal Office of the Environment FOEN. All data used in this study are available upon request from the corresponding author (norahelbig@gmail.com).
